Perfluorooctane acid (PFOA) is a hazardous environmental pollutant that has been reported to exert adverse effects on animal and human health. In this study, male mice were orally administered different concentrations of PFOA (2.5, 5, or 10 mg/ kg/day) to evaluate the reproductive toxicity. Exposure to PFOA for 14 consecutive days obviously disrupted seminiferous tubules and reduced sperm count. The highest concentration of PFOA (10 mg/kg/day) caused growth retardation and diminished absolute testis weight. Furthermore, PFOA treatment significantly increased the generation of oxidative stress indicators malondialdehyde and hydrogen peroxide, decreased the expression of transcription factor NRF2, and inhibited the activities of antioxidant enzymes superoxide dismutase and catalase in the testis. Moreover, PFOA exposure up-regulated pp53 and BAX expression and down-regulated BCL-2 expression in the testis. These results indicated that PFOA-induced male reproductive disorders might be involved in developmental impairment and inhibition of NRF2-mediated antioxidant response in the testis of mice.
INTRODUCTION
Perfluorinated compounds (PFCs) represent a large group of chemicals that are characterized by a fully fluorinated hydrophobic linear carbon chain attached to various hydrophilic heads [1] . They have been used extensively since the 1950s in the manufacture of surfactants, lubricants, paper and textile coatings, polishes, food packaging, and fire-retarding foams [2] . Because of their high stability, PFCs are persistent and ubiquitous and bioaccumulate in the environment [3] . Perfluorooctane sulfonate and perfluorooctane acid (PFOA) are typical and predominant PFCs. As one of the final products of PFCs in organisms and the natural environment, PFOA has been found in a variety of environmental sites from around the globe, including surface water, air, sludge, soils, sediments, and polar ice caps [4] . In 2006, the U.S. Environmental Protection Agency initiated the PFOA Stewardship Program with industry, with the goal of eliminating emissions and product content of these chemicals by 2015. The most recent reports from U.S. Environmental Protection Agency showed that the companies were on track to reach the program's goal of phasing out PFOA by the end of 2015 [5] .
Due to the dispersive occurrence in the environment, PFOA has raised considerable public health concerns. PFOA has been detected in worldwide human populations. Data from National Health and Nutrition Examination Studies 1999 Studies -2000 Studies , 2003 Studies -2004 Studies , 2005 Studies -2006 Studies , 2007 Studies -2008 Studies , and 2009 Studies -2010 showed that the geometric mean PFOA concentrations in serum were 5.2, 3.95, 3.92, 4.13, and 3.06 ng/ml in the U.S. population, respectively [6, 7] . In the occupational exposed population, the median serum PFOA level could reach 775 ng/ml [8] . The highest serum levels of PFOA (114.1 parts per million) were found in ammonium perfluorooctanoate production workers [9] .
It has been suggested that food intake and packaging, water, house dust, and airborne are all potentially significant sources of PFCs. However, dietary intake is probably the main route of exposure to these compounds [10] . PFOA is well absorbed following oral exposure, but poorly eliminated [4] . The biological half-life of PFOA is quite different among different species. Humans have a long half-life of serum elimination of PFOA (3.8 yr) [11] . In mice, the half-life of serum elimination of PFOA has been estimated to be 16-19 days [12] .
In recent years, PFOA has been identified as a potentially hazardous substance that is harmful to the environment and human health. It has been suggested that PFOA exposure is positively associated with a variety of diseases [2, 13] . Although the adverse effects of PFOA on health have been extensively studied, information regarding the effects of PFOA on male reproductive function is quite limited, and the findings are very inconsistent. A study of 105 young men showed that high levels of PFOA were associated with fewer normal sperms [14] . Moreover, a longitudinal investigation of fertility and the environment (LIFE) study demonstrated that PFOA exposure was associated with a lower percentage of sperm with coiled tails [15] . In addition, a multivariable linear regression analysis suggested that in utero exposure to PFOA was negatively associated with sperm concentration and sperm count [16] . However, a study of 256 men indicated that PFOA was not associated with sperm concentrations and sperm motility [17] . At present, laboratory research on male reproductive toxicity of PFOA in experimental animals is still scarce. Therefore, the present study was designed to determine whether oral exposure to PFOA is associated with reproductive dysfunction in male mice.
Male Kunming mice (8-wk-old) were obtained from the Laboratory Animal Center of Nanchang University. The mice were maintained under standard conditions with free access to water and food ad libitum. All the animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Nanchang University and approved by the Animal Ethics Committee of Nanchang University.
Treatments
PFOA (96% purity, 335-67-1 C8HF1502; Sigma-Aldrich) was dissolved in water. After 1 week of acclimatization, mice were orally administrated with different concentrations of PFOA (2.5, 5, or 10 mg/kg/day) once daily for 14 consecutive days. The doses of PFOA (2.5-10 mg/kg/day) were chosen based on previous observations [18] [19] [20] . Controls received an equivalent volume of water. At the end of the treatment period, the animals were euthanized by cervical dislocation. The testes and epididymides were quickly excised and weighed. The right testes and epididymides were fixed in Bouin fluid for histological evaluation (four animals per dose group). The left epididymides were separated for sperm count, and the left testes were frozen in liquid nitrogen for biochemical analyses.
Histopathology
The fixed testicle samples were dehydrated in graded ethanol solutions, embedded in paraffin, and sectioned at 5 lm. At least three sections per sample were stained with hematoxylin and eosin and observed under a microscope (IX71 Olympus).
Sperm Count
The epididymis was cleared of adhering tissues, minced with anatomical scissors, and incubated for 10 min in phosphate buffer saline at 378C. Then the solution was pipetted several times to homogenize the sperm suspension. Epididymal sperm number was counted with a hemacytometer under a light microscope at 3200 magnification.
Assessment of Malondialdehyde, Hydrogen Peroxide, Superoxide Dismutase, and Catalase
The frozen testicle tissues (four testes per treatment) were homogenized in ice-cold 0.9% NaCl solution. The levels of malondialdehyde (MDA), hydrogen peroxide (H 2 O 2 ), superoxide dismutase (SOD), and catalase (CAT) in testicle homogenates were determined using the commercial available kits (Jiancheng Institute of Biotechnology). MDA formation was assayed by measuring the levels of thiobarbituric acid reactive substances at 532 nm. Production of H 2 O 2 was assayed by measuring the levels of the complex formed in the reaction of molybdenum acid with H 2 O 2 , which has a maximum absorbance at 405 nm. SOD activity was detected based on its ability to inhibit the oxidation of oxymine by the xanthine-xanthine oxidase system, and the absorbance was determined at 550 nm. CAT activity was determined by measuring the decrease in absorbance at 240 nm due to H 2 O 2 decomposition. Protein concentrations were determined using the BCA assay kit (Vazyme Biotechnology). The analyses were performed with a UV 1800 spectrophotometer (Shimadzu).
Quantitative Real-Time PCR Assay
Total RNA was extracted from testicle tissues (four testes per treatment) using Trizol reagent (Invitrogen) and was reverse transcribed into single-stranded cDNA using the RT Reagent Kit with gDNA Eraser (TaKaRa). Quantitative realtime PCR was performed using the ABI Prism 7500 detection system (PE Applied Biosystems) with SYBR Green Mix (TaKaRa). The specific primers were as follows: nuclear factor-erythroid-2-related factor 2 (NRF2):
0 -GTCTCGCTCCTGGAAGATGG-3 0 (reverse). The expression of the NRF2 gene was determined relative to GAPDH as an internal control, and the relative fold change in the mRNA expression was calculated using the 2 ÀDDCT .
Western Blot Analysis
The testicle tissues (four testes per treatment) were lysed with ice-cold lysis buffer and centrifuged 14 000 3 g for 10 min at 48C. The supernatants were used for immunoblot assay. Protein samples were electrophoretically separated by SDS-PAGE and electrotransferred to nitrocellulose membranes. The immunoblots were subsequently blocked with 5% nonfat dry milk and 0.1% Tween 20, 20 mM Tris, and 150 mM NaCl. The membranes were incubated overnight at 488C with rabbit anti-NRF2 (1:1000), anti-BCL-2 (1:1000), anti-BAX (1:1000), anti-Ser-20-phosphorylated-p53 (p-p53) (1:1000), or anti-GAPDH (1:2000) (Santa Cruz Biotechnology Inc.). After washing in 0.1% Tween 20, 20 mM Tris, and 150 mM NaCl, the membranes were incubated with the secondary horseradish peroxidase-conjugated antibodies (Santa Cruz Biotechnology Inc.) for 1 h at room temperature. Immunoreactive bands were visualized by the enhanced chemiluminescence kit (Thermo Fisher Scientific Inc.), and chemiluminescent signals were collected on autoradiography films.
Statistical Analysis
The statistical analysis was performed with the statistical analysis software SPSS 13.0. Data were presented as the mean 6 SD and evaluated by one-way analysis of variance (ANOVA). P , 0.05 was considered statistically significant.
RESULTS

Effect of PFOA on Testicular Weight
Compared with the control group, PFOA treatment for 14 consecutive days significantly diminished absolute testis weight at the highest concentration (10 mg/kg/day). The low and median doses of PFOA had no obvious effect on absolute testicular weight (Fig. 1A) . However, PFOA treatment did not alter the testis weight relative to body weight (Fig. 1B) .
Effect of PFOA on Testicular Histology
Testicular histopathology revealed that PFOA induced obvious morphological changes in the seminiferous tubules of mice. As shown in Figure 2 , control mice exhibited normal seminiferous tubules with regular arrangement of spermatogenic cells at different developmental stages. However, mice exposed to PFOA showed obvious atrophy of seminiferous tubules, disrupted arrangement of spermatogenic cells, depletion of spermatogonial cells, detachment of germ cells from seminiferous epithelium, and decrease in sperm production in the testis. The maximal effect was observed at the highest concentration (10 mg/kg/day) (Fig. 2D ) and intermediate effects were found at the doses of 2.5 and 5 mg/kg/day (Fig.  2, B and C) .
Effect of PFOA on Epididymal Sperm Count
The number of epididymal sperms was measured to assess the toxicological effect of PFOA on spermatogenesis in mice. Compared with the control, exposure to PFOA for 14 consecutive days caused a dose-dependent decrease in epididymal sperm count (Fig. 3) .
Effect of PFOA on Testicular Oxidative Stress
Compared with the control, MDA formation and H 2 O 2 generation in the testis were significantly increased by PFOA administration for 14 days (P , 0.05) (Fig. 4, A and B) . In addition, PFOA exposure induced marked changes in the activities of antioxidant enzymes in the testis. Compared with the control, the activities of SOD and CAT in the testis were significantly decreased by PFOA administration for 14 days (P , 0.05) (Fig. 4, C and D) .
Effect of PFOA on Testicular NRF2 Expression
Compared with the control, the NRF2 mRNA and NRF2 protein expression in the testis was significantly downregulated in a dose-dependent manner after exposure to PFOA for 14 consecutive days (Figs. 5 and 6 ).
Effect of PFOA on p-p53, BAX, and BCL-2 Expression
Western blot analysis showed that PFOA administration for 14 days significantly up-regulated the expression of BAX and p-p53 and down-regulated the expression of BCL-2 in the testis of mice (Fig. 6 ).
DISCUSSION
Exposure to environmental toxicants is one of the major causes for male infertility, particularly in industrialized countries [21] . Studies have shown that perfluorooctane sulfonate can result in a disturbance of spermatogenesis [22, 23] . PFOA is widely used in industrial production. It has been demonstrated that exposure to PFOA causes a variety of toxicities, including hepatotoxicity, carcinogenicity, neurotoxicity, immunotoxicity, and genotoxicity [24] [25] [26] [27] [28] . Epidemiologic studies have also shown that PFOA exposure is positively associated with cardiovascular disease [29] , chronic kidney disease [30] , thyroid disease [31] , and hepatocellular damage [32] . In a recent study, PFOA content in the testes of mice exposed to 20 mg/kg/day PFOA for 28 days reached 8.06 lg/g, and the corresponding serum PFOA content was 105 lg/ml [33] , which was similar to the highest serum PFOA levels reported in occupational workers [9] . Therefore, the doses of 
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PFOA used in this study (2.5-10 mg/kg/day) are relevant to occupational exposure levels in humans. In the present study, oral exposure to PFOA for 14 consecutive days (10 mg/kg/day) markedly decreased absolute testicular weight and epididymal sperm count in Kunming mice but had no effect on relative testicular weight, suggesting a growth retardation caused by PFOA at high dose levels of exposure. Furthermore, histopathology showed an obvious morphological alteration in the testis. Our results indicated that the toxic effect of PFOA on male reproduction might be associated with developmental impairment and testicular injury in mice.
Although some epidemiological studies have reported adverse effects of PFOA on male reproductive function in human [14] [15] [16] , the underlying mechanisms by which PFOA disrupts male reproduction have not yet been elucidated. It has been shown that PFOA may alter steroid hormone production [34] . PFOA inhibits testicular microsomal steroidogenic enzymes 3b-HSD and 17b-HSD3 in rat Leydig cells [35] . In addition, exposure to PFOA in the diet results in a sustained increase in serum estradiol concentrations in rats [36] . These results suggest that PFOA-induced male reproductive toxicity was involved in the disruption of endocrine function.
Oxidative stress has been recognized as one of the most important causes of male infertility [37, 38] . It is a common pathology seen in approximately half of all infertile men [39] . It has been revealed that exposure to PFOA can generate reactive oxygen species (ROS) and induce oxidative stress in normal mammalian cells [40] [41] [42] . We also reported previously that exposure to PFOA caused oxidative stress in the liver of mice [20] .
The testis is particularly susceptible to oxidative damage produced by ROS because of its high content of polyunsaturated fatty acids. Oxidative stress in the tissue results from an imbalance between the production of ROS and their removal by antioxidant defense systems. Excess ROS can lead to lipid peroxidation, DNA damage, and protein degradation. The primary effect of oxidative stress is on the mitochondrial membrane [38] . In response to stress, cytoplasmic p53 rapidly translocates to the mitochondria, where it interacts with the Bcl-2 family members to either inhibit or activate them. In this study, exposure to PFOA up-regulated the expression of p-p53 and BAX and down-regulated the expression of BCL-2 in the testis of mice. The SOD and CAT are enzymatic antioxidants that inactivate the superoxide anion and H 2 O 2 radicals by converting them into water and oxygen. In the present study, exposure to PFOA significantly increased the levels of H 2 O 2 and lipid peroxidation product MDA but inhibited the activities of SOD and CAT in the testis of mice, suggesting that testicular oxidative stress was an important causative factor in the mechanism of PFOA action.
NRF2, a member of the NF-E2 family of the basic leucine zipper transcription factors, is essential for the coordinated induction of defensive genes encoding stress-responsive enzymes and antioxidant proteins, such as SOD, CAT, and heme oxygenase-1 [43] . NRF2-knockout mice are devoid of the basal and inducible expression of phase 2 detoxification enzymes and antioxidant genes [44] . As an adaptive mechanism, NRF2 is quickly up-regulated in cells in response to various stresses but is down-regulated in cells exposed to an overwhelming or long-lasting oxidative stress [45] . A previous study showed that women with higher exposure to air pollutants had decreased levels of NRF2 mRNA and NRF2 protein expression [46] . Moreover, exposure to environmental pollutant dichlorodiphenyldichloroethylene reduced NRF2 mRNA and NRF2 protein expression in HepG2 cells [47] . 
NRF2 may serve as a useful biomarker in the prediction of male infertility [48] . It has been suggested NRF2 plays a critical role in preventing oxidative disruption of spermatogenesis. The deletion of NRF2 gene causes testicular oxidative stress confirmed by elevated levels of testicular lipid peroxidation and germ cell apoptosis and decreased levels of antioxidants [49] . In addition, spermatogenesis impairment induced by diabetes and smoking is associated with decreased NRF2 expression in mouse testis and human spermatozoa, respectively [45, 50] . In the present study, PFOA treatment significantly reduced the expression of NRF2 in the testis of mice, suggesting an important role of NRF2-dependent antioxidant system in testicular toxicity mediated by PFOA.
The tumor suppressor p53 is an important regulator of intracellular ROS levels. In response to mild stress, low levels of p53 up-regulate the expression of antioxidant genes to reduce ROS and promote cell survival. However, in response to high levels or extended exposure of ROS, elevated p53 levels inhibit the protein level of NRF2, suppress NRF2-mediated survival response, and presumably initiate apoptotic cell death processes [51] . In this study, PFOA-induced decrease in the testicular expression of NRF2 may be due to the activation of p53 mediated by oxidative damage in the testis.
In conclusion, there has been increasing concern regarding adverse effects of PFOA on human health. The mean serum concentrations of PFOA were 3-5 ng/ml in the general population and could reach 114.1 ppm in occupational exposed population. Therefore, occupational exposure may cause more concern. In this study, exposure to PFOA resulted in growth retardation and testis injury. Furthermore, PFOA exposure increased lipid peroxidation and H 2 O 2 generation, decreased the expression of transcription factor NRF2, and inhibited the activities of antioxidant enzymes SOD and CAT in the testis. Moreover, PFOA exposure down-regulated the expression of BCL-2 and up-regulated the expression of p-p53 and BAX in the testis. These results indicated that PFOA could disrupt spermatogenesis by inducing developmental impairment and testicular oxidative stress.
